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Transitions Between Blocked and Zonal Flows in
a Rotating Annulus with Topography

Eric R. Weeks, Yudong Tian, J. S. Urbach,* Kayo Ide,
Harry L. Swinney,T Michael Ghil

The mid-latitude atmosphere is dominated by westerly, nearly zonal flow. Occasionally,
this flow is deflected poleward by blocking anticyclones that persist for 10 days or longer.
Experiments in a rotating annulus used radial pumping to generate a zonal jet under the
action of the Coriolis force. In the presence of two symmetric ridges at the bottom of the
annulus, the resulting flows were nearly zonal at high forcing or blocked at low forcing.
Intermittent switching between blocked and zonal patterns occurs because of the jet’s
interaction with the topography. These results shed further light on previous atmospheric

observations and numerical simulations.

On short time scales (1 to 10 days), weather
evolution is largely driven by three-dimen-
sional, baroclinic instabilities of the prevail-
ing westerlies (1) that convert the potential
energy in the atmosphere’s pole-to-equator
temperature difference into the kinetic en-
ergy of storms (2). One to three times each
Northern Hemisphere winter—and occa-
sionally during other seasons—Iarge high-
pressure anticyclones form and persist for at
least 10 days and sometimes longer than a
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month (3-5). These anticyclones block the
nearly zonal flow and deflect it poleward
(Fig. 1B). The prediction of blocking events
has become central to improving extended-
range weather prediction (6, 7).

Low-frequency atmospheric variability on
the time scale of 10 to 100 days, such as
persistent blocking anomalies, is predomi-
nantly barotropic, that is, nearly two-dimen-
sional (5, 8, 9). Analytic and numerical mod-
els have shown that blocked and zonal flow
patterns can arise through the interaction of
large-scale eastward zonal flow with idealized
Northern Hemisphere topography (7, 8, 10-
12), and recent numerical simulations using a
general circulation model (13) support these
results. Zonal and blocked flows appear as two
stable equilibria (8, 10, 11) or two separate
chaotic flow regimes (12, 14—16) in simple
and intermediate models.
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Fig. 1. Atmospheric pictures of (A) zonal and (B) blocked flow, showing
contour plots of the height (m) of the 700-hPa (700 mbar) surface, with a
contour interval of 60 m for both panels. The plots were obtained by averag-
ing 10 days of twice-daily data for (A) 13 to 22 December 1978 and (B) 10 to

19 January 1963; the data are from the National Oceanic and Atmospheric

Laboratory experiments in rotating an-
nuli with a radial temperature gradient have
helped in the understanding of the mecha-
nism of baroclinic instability and the atmo-
sphere’s general circulation (17). Introduc-
ing wavenumber 2 topography in such an-
nuli produced new phenomena (18) but did
not adequately explain the spatiotemporal
features of the atmosphere’s observed and
modeled low-frequency variability (19).

To further understand the dynamics of
zonal flow over topography, we carried out
laboratory experiments on a barotropic rotat-
ing annulus (20, 21) with two mountain ridg-
es. The flow was produced by mechanical
pumping and suction rather than by differen-
tial heating of the side walls (17). With the
rapid rotation and absence of buoyant driving
forces, the flow in the annulus was essentially
two-dimensional (21) and could be compared
with barotropic model results. These experi-
ments facilitate exploration of the flow’s be-
havior over a wide parameter range: an hour
at a rotation frequency of 2 Hz corresponds to
20 simulated years.

The annular tank’s inner radius r;, =
10.8 cm, its outer radius r, = 4r;, and its
height varied linearly from 17.1 cm at the
inner to 20.3 cm at the outer radius. Flow
was produced by pumping fluid in through a
ring of 120 holes (0.26 cm in diameter) at
Toource = (3-25)r; and out through a ring of
holes at 7, = (1.75)r;. The annulus was
filled with water (kinematic viscosity v =

www.sciencemag.org ¢ SCIENCE ¢ VOL. 278 « 28 NOVEMBER 1997

Administration’s Climate Analysis Center. The nearly zonal flow of (A) includes
quasi-stationary, small-amplitude waves (32). Blocked flow advects cold
Arctic air southward over eastern North America or Europe, while decreasing
precipitation in the continent’s westermn part (26). .

Fig. 2. Time-averaged stream function contours calculated from experimental data for (A) zonal and (B)
blocked flow. The peaks of the ridges are indicated by dashed lines, and the profile of each ridge is
shown by black curves outside the rim of the round panels. The contour interval is 15 cm? s~ for both
plots. The annulus rotates counterclockwise, and the flow is in the direction of rotation (eastward). The
Rossby numbers Ro for the zonal and blocked flows are 0.33 + 0.02 and 0.22 *+ 0.02, respectively
(pump flux F = 390 and 260 cm?3 s, respectively); for both flows, the Ekman number Ek = 4.8 X 10~*
(Q = 3w rad s7). A video camera was used to track neutrally buoyant particles of 1 mm diameter, and
time-averaged stream functions were determined by averaging the particle trajectories in time (23) and
fitting the results to basis functions. The highs and lows of the stream function are indicated by bold
letters H and L, respectively. The black dots indicate the horizontal location of the hot-film probe.

0.009 cm? s7!) up to a flat lid. When the
tank rotated rapidly, the action of the Co-
riolis force on the radial flow resulted in a
corotating (eastward) jet with a much high-
er velocity than the radial flow generated
directly by the pumping (20, 21). The slop-
ing bottom of the annulus models the

change in Coriolis force as a function of
latitude for spherical planets [the B effect,
which in the present case is given by B =
2Qs/h, where s = 0.1 is the slope, h = 18.7
cm is the mean height of the annulus, and
Q is the angular velocity of the annulus
(21)]). Two radial aluminum ridges were
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symmetrically placed on the bottom of the
annulus, each having a Gaussian profile
h(r,8) = h(6) = h, exp[-(6/6,)%] with hy =
1.5 cm and 6, = 21°. This profile extends
over 72° at 72° the Gaussian profile is
smoothly tapered to zero.

Our two control parameters were the
pump flux rate F, which ranged from O to 400
cm?® 571, and €, which ranged from 21 to 67
rad s™! (1 to 3 Hz). These two control param-
eters determine the nondimensional Rossby
(Ro) and Ekman (Ek) numbers. The Rossby
number Ro = -U/2QL is given in terms of L,
the spacing between the forcing rings (1.57,),
and the maximum velocity U that would
result from a steady, axisymmetric flow in
the absence of topography, U = (F/2m)-
(Q/v)l/zrsmk_1 (21). The Ekman number is
Ek = (Tannulus/TEkman)z’ where Tannulus =
2mw/Q is the annulus rotation period and
Trman = M2(vQ)1? is the relaxation time
for unforced disturbances (22); hence, Ek =
(4m/h)? (v/Q). In these experiments, 0.10 <
Ro < 0.35and 0.4 X 10 < Ek < 1072

In the absence of topography, the flow in
this parameter range. was characterized by
eastward-propagating Rossby waves (21).
With the topography in place, however, we
observed two stationary wave patterns that
had markedly different characteristics, as illus-
trated by the contour plots of typical time-
averaged stream functions (Fig. 2) (23). At
high Rossby numbers (that is, high pumping
or low rotation), a nearly zonal flow (Fig. 2A),
resembling the more frequently occurring at-
mospheric patterns (Fig. 1A), was observed: a
strong corotating jet flowed smoothly around
the annulus; it had a small-amplitude wave of
zonal wavenumber 2 induced by the two
mountains. At lower Rossby numbers, a
blocked flow was observed (Fig. 2B); the jet
was wavier, and its speed was much lower (see
also Fig. 3, A and C). The azimuthal flux
carried by the blocked jet was typically one-
third that in the zonal jet, even for similar
pumping rates and Ekman number (24). A
strong wavenumber 4 component of the flow
field arose; one anticyclone (counterrotating

vortex) formed upstream of each mountain,
and the other formed downstream, like in a
Rossby lee wave (25). In the atmosphere,
though, unlike in our experiment, it is the
upstream ridge (poleward curvature of the jet)
that is more pronounced.

Blocking anticyclones appear in the atmo-
sphere most often separately, in either the
Pacific-North American or the North Atlan-
tic—European sector, although double-block-
ing episodes (Fig. 1B) do occur (4, 5, 7, 26).
The twofold symmetry of the apparatus pre-
sumably favors a double-blocking pattern.
The drop in jet intensity, increase in wave
amplitude, and upstream shift of the two
stronger highs that we observed for blocked
flow are in agreement with the simplified
barotropic models (8, 10, 12, 27), which are
supported by general circulation model results
(13). Still, direct comparison of the experi-
mental observations with the atmosphere is
not possible, because the spectrum of North-
ern Hemisphere topography is dominated by
wavenumbers 2 and 3, and thermal contrasts
between continents and oceans also play an
important role, as do baroclinic phenomena
(10, 11, 14, 16).

The variability of the blocked flow in the
experiments was much higher than that of the
zonal flow. For zonal flow (Fig. 2A), the vari-
ations from the mean spatial pattern were
small, and the instantaneous stream function
resembled the time average. For blocked flow
(Fig. 2B), the instantaneous patterns differed
considerably from the time average over most
of the parameter range investigated. The ve-
locity time series for zonal flow, measured at a
fixed point in the fluid, also showed that
nearly periodic variations (with a period of 17
annulus rotations) were superimposed on a
noisy background (Fig. 3, A and B) (16). The
blocked flow had a broad-band spectrum, with
spectral power P decreasing with frequency f
(Fig. 3D). However, its fluctuations decreased
with Ro and, at Ro < 0.02, the blocked flow
became time-independent and exhibited two-
fold symmetry in space.

In a regime intermediate between that of

Fig. 3. (A and C) Velocity A B
timeseriesand (BandD)as- @ 3| 1 % 104 -
sociated power spectra ob-  E WMMMN/V./A ‘v
tained from a hot-film probe g ar W E’. 105 - -
locatedinthe lidatr =2.5r,. g | | §
Zonal (Aand B) and blocked 3 108l W‘M
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nearly zonal and blocked flows (Fig. 4), spon-
taneous transitions occurred between distinct
zonal and blocked flows (Fig. 5A) for fixed
experimental conditions (Ro and Ek). Similar
spontaneous transitions appear in the atmo-
sphere (4, 5), as well as in simple determin-
istic models with a sufficient number of de-
grees of freedom (12, 14, 16). Our blocked
and zonal flows, however, both persisted for
many more annulus rotation periods than did
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£
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0.0005 |- 28R A
L 1 ' L | L
0.20 0.30
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Fig. 4. Diagram showing boundaries between the
three observed flow regimes: pure zonal, pure
blocked, and intermittent regime. In the intermit-
tent regime, spontaneous switching between
blocked and zonal flows occurs at irregular inter-
vals. Stars indicate the positions in this diagram of
the experimental runs used for Fig. 2, Aand B; Fig.
3, A through D; and Fig. 5A. Multiple stable equi-
libria were not observed.
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Fig. 5. (A) Velocity time series showing intermit-
tent transitions between zonal and blocked flow
(compare Figs. 3 and 4); Ro = 0.237 + 0.005 and
Ek = 4.8 X 10~ (pump flux F = 280 cm® s~ and
Q = 3w rad s7"). (B) The fraction of time spent in
the blocked state as a function of the Rossby
number [compare with similar plots for the atmo-
sphere (4) and barotropic models (12)]; Ek =
7.2 X 1074 (Q = 2w rad s7"). To guide the eye, the
straight line shows the least-squares fit to the in-
termittent data.
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blocked and zonal flows in atmospheric obser-
vations. The absence of baroclinic instabili-
ties in our annulus [compare with (18), for
instance), and the greater stability of the ex-
perimental zonal flow (12) is presumably the
cause of this discrepancy.

We conjecture that in the experiment,
there are two basins of attraction, zonal and
blocked (12, 15), connected by heteroclinic
orbits. Similar switches between flow re-
gimes—characterized there by distinct
wavenumbers—have been observed in the
thermally driven annulus, even in the ab-
sence of topography (28). Chaotic itinerancy
(16, 29) provides a plausible scenario for
such sporadic transitions; confirmation of
such a scenario is left for further experiments
and numerical simulations (30).

In the intermediate regime of Fig. 4, the
fraction of time spent in one state varied as a
function of the Rossby number (Fig. 5B).
Similarly, as the pole-to-equator temperature
gradient changes—from season to season or
year to year in the same season (8, 12, 15,
16, 26, 27)—the relative prevalence of zon-
al- or blocked-flow episodes can change. Our
results and idealized barotropic models (12)
agree in that the “frequency of blocking
events increased when approaching the pa-
rameter range where blocking is the stable
regime [see also (15)]. The seasonal and
interannual variability of persistent nonzonal
flow patterns, such as blocking, in the atmo-
sphere is subtler and has been documented
to some extent in the Pacific-North Amer-
ican sector, for both observations and gener-
al circulation models (31).

Our results provide new criteria by
which topographic effects on low-frequency
atmospheric, oceanic, and laboratory flows
can be distinguished from thermal- and ed-
dy-forcing effects.
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Reversible Polymers Formed from
Self-Complementary Monomers Using
Quadruple Hydrogen Bonding
Rint P. Sijpesma, Felix H. Beijer, Luc Brunsveld,

Brigitte J. B. Folmer, J. H. K. Ky Hirschberg,
Ronald F. M. Lange, Jimmy K. L. Lowe, E. W. Meijer*

Units of 2-ureido-4-pyrimidone that dimerize strongly in a self-complementary array of
four cooperative hydrogen bonds were used as the associating end group in reversible
self-assembling polymer systems. The unidirectional design of the binding sites prevents
uncontrolled multidirectional association or gelation. Linear polymers and reversible
networks were formed from monomers with two and three binding sites, respectively.
The thermal and environmental control over lifetime and bond strength makes many
properties, such as viscosity, chain length, and composition, tunable in a way not
accessible to traditional polymers. Hence, polymer networks with thermodynamically
controlled architectures can be formed, for use in, for example, coatings and hot melts,
where a reversible, strongly temperature-dependent rheology is highly advantageous.

Noncovalent interactions are increasingly
being used in the molecular self-assembly of
well-defined supramolecular structures and
materials. Such interactions are important
in polymer science, where hydrogen bond-
ing and other weak reversible interactions
are important in determining polymer prop-
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erties and in the design of new polymer
architectures (1, 2). However, the interac-
tions used always rely on the cooperative
phenomenon of many weak interactions,
which lack directionality, giving rise to mi-
crophase-separated structures or gelation
due to network formation (3). For linear
supramolecular polymers (4), it is a prereq-
uisite to have strong and highly directional,
reversible interactions in order to construct
materials that include a reversible alterna-
tive for the covalent bond. This concept
has been known for years (5-13), but poly-
mers with appreciable degrees of polymer-
ization in the amorphous state or even in
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